In many organisms, the formation of asparaginyl-tRNA is not done by direct aminoacylation of tRNA Asn but by specific tRNA-dependent transamidation of aspartyl-tRNA Asn . This transamidation pathway involves a nondiscriminating aspartyl-tRNA synthetase (AspRS) that charges both tRNA Asp and tRNA Asn with aspartic acid. Recently, it has been shown for the first time in an organism (Pseudomonas aeruginosa PAO1) that the transamidation pathway is the only route of synthesis of Asn-tRNA Asn but does not participate in Gln-tRNA Gln formation. P. aeruginosa PAO1 has a nondiscriminating AspRS. We report here the identification of two residues in the anticodon recognition domain (H31 and G83) which are implicated in the recognition of tRNA Asn . Sequence comparisons of putative discriminating and nondiscriminating AspRSs (based on the presence or absence of the AdT operon and of AsnRS) revealed that bacterial nondiscriminating AspRSs possess a histidine at position 31 and usually a glycine at position 83, whereas discriminating AspRSs possess a leucine at position 31 and a residue other than a glycine at position 83. Mutagenesis of these residues of P. aeruginosa AspRS from histidine to leucine and from glycine to lysine increased the specificity of tRNA Asp charging over that of tRNA Asn by 3.5-fold and 4.2-fold, respectively. Thus, we show these residues to be determinants of the relaxed specificity of this nondiscriminating AspRS. Using available crystallographic data, we found that the H31 residue could interact with the central bases of the anticodons of the tRNA Asp and tRNA Asn . Therefore, these two determinants of specificity of P. aeruginosa AspRS could be important for all bacterial AspRSs.
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Aminoacyl-tRNA synthetases (aaRSs; E.C. 6.1.1.) are enzymes that catalyze the attachment of amino acids to their cognate tRNAs in a two-step reaction. They play a key role in the faithful expression of the genetic code by the specificity of the reaction they catalyze. It was once thought that all organisms possess one aaRS for each of the 20 unmodified amino acid species present in proteins. However, it has been shown that some organisms do not possess all 20 aaRSs (4; reviewed in references 14 and 15) and that some aaRSs have a relaxed specificity (27, 35) . This is the case for nondiscriminating glutamyl-tRNA synthetases (ND-GluRSs), present in archaea and in most bacteria (reviewed in reference 28), and for nondiscriminating aspartyl-tRNA synthetases (ND-AspRSs), present in archaea (7) and some bacteria (24) . In addition to their usual substrates, these enzymes charge tRNA
Gln and tRNA Asn with glutamate and aspartate, respectively. This relaxed specificity is complemented by the presence of a heterotrimeric tRNA-dependent amidotransferase (AdT). The amidotransferase corrects the misacylated tRNAs by adding the missing amide group to the amino acid on the mischarged tRNA. This indirect route is called the transamidation pathway (6) . Grampositive bacteria were the first organisms found to lack a gene coding for GlnRS (35) . It is now known that they use the transamidation pathway for the synthesis of Gln-tRNA Gln . Later it was demonstrated that the AdT from some organisms could transform Asp-tRNA Asn into Asn-tRNA Asn in vitro and in vivo (2, 8, 24, 25) . Recent genomic studies revealed that some organisms do not possess an AsnRS but possess a GlnRS and an AdT. The first two examples of complete genome sequences with these characteristics were those of Neisseria meningitidis (23, 31) and Pseudomonas aeruginosa (30) . It is generally assumed that the absence of an AsnRS in an organism correlates with the presence of the AdT and of a nondiscriminating AspRS, the two ingredients needed for the formation of Asn-tRNA by the transamidation pathway. Therefore, it has been postulated that these organisms could use the transamidation pathway for the formation of Asn-tRNA. This has recently been demonstrated in Pseudomonas aeruginosa PAO1 (1) . Since the discriminating bacterial AspRSs are very similar to the nondiscriminating ones, it is thought that only a few specific residues are responsible for the specificity of the enzyme. This is the case for archaeal AspRSs, as only two different amino acid changes were shown to be responsible for the recognition of tRNA Asn (10, 11) . Until now, the specificity of a bacterial AspRS could not be determined from only its primary sequence. We report here the identification of two residues responsible for the recognition of tRNA Asn by the AspRS from P. aeruginosa, and possibly by all eubacterial nondiscriminating AspRSs. These findings could help our understanding of the evolution of bacterial species by making possible a better comprehension of the properties and evolution of the aminoacyl-tRNA synthetases. 
MATERIALS AND METHODS

Bacterial
] was also grown in LB medium at 37°C, with 100 g/ml of ampicillin for the growth of transformants. E. coli CS89 was grown in low-salt LB medium (0.5 g NaCl/liter) at 30°C or 42°C. The selection of transformants was done with the addition of 100 g/ml of ampicillin. The shuttle vectors pUCPSK and pUCPKS (33) were used for cloning aspS in E. coli and Pseudomonas and for the overexpression of the cloned gene with a coupled T7 RNA polymerase/T7 promoter (3).
Enzymes and chemicals. Restriction enzymes, T4 DNA ligase, and alkaline phosphatase were all from New England Biolabs Inc. Ampicillin, tetracycline, and carbenicillin were purchased from Sigma Aldrich Inc. [ 14 C]Asp was from Amersham Biosciences Inc. Pfx DNA polymerase was purchased from Gibco BRL.
Cloning of aspS and overproduction of AspRS. The aspS gene from P. aeruginosa PAO1 was previously cloned in the shuttle vector pUCPKS and extended to provide a tag of six histidines added to the C-terminal end (1). The overproduction and purification of the tagged wild-type and mutated AspRSs were conducted as described previously (1) .
Sequencing and sequence analysis. The sequencing of the wild-type and mutated aspS was done by the method of Sanger et al. (26) . Nucleotide sequence data and derived amino acid sequences were analyzed using the Genetics Computer Group software version 10.3 (Accelrys Inc., San Diego, Calif.), using the programs FASTA, TFASTA, and PILEUP.
Mutagenesis. Site-specific mutagenesis of the wild-type aspS gene from P. aeruginosa was performed using two mutagenic complementary primers carrying mismatches with the template DNA (34) . PCR was performed using Pfx DNA polymerase, in a reaction mixture in accordance with the manufacturer's instructions. A first denaturation step was performed at 94°C for 4 min. Then, a 30-second step at 94°C was followed by an annealing step at 50°C for 45 seconds, followed by an elongation step at 68°C for 14 min, all three steps being repeated for 30 cycles. The PCR product was then digested with DpnI by adding 20 units of the enzyme to the reaction mixture and incubating at 37°C for 1 h. Ten microliters of the digested DNA was then used to transform P. aeruginosa by the method previously described (16) .
Complementation assays. E. coli CS89 was transformed (20) with different vectors expressing or not the different AspRSs (1), plated on low-salt LB medium, and incubated at 30°C. Complementation assays were done (22) by incubating positive clones at 30°C and 42°C.
Purification of E. coli tRNA
Asn
. The E. coli genome contains a single species of tRNA Asn gene (http://lowelab.ucsc.edu/GtRNAdb/Esch_coli_K12/Esch_coli _K12-summary.html). This tRNA was purified from unfractionated E. coli tRNA as a hybrid with the 24-mer oligodeoxyribonucleotide probe 5Ј-TGACTGGAC TCGAACCAGTGACAT-3Ј, complementary to its T arm, by polyacrylamide gel electrophoresis (PAGE) under nondenaturing conditions (the detailed experimental procedure will be published elsewhere). After removing the probe by denaturing PAGE, the tRNA Asn was recovered by electroelution. It has an acceptor activity of 975 pmol aspartate/A 260 unit with the heterologous P. aeruginosa AspRS.
Aminoacylation assays. Aminoacylation assays were performed as previously described (1) using 67 nM of purified enzyme (wild-type or variant AspRS) and 6.7 M of total P. aeruginosa tRNA or 2.3 M of total E. coli tRNA in the reaction mixture.
Aspartylation of E. coli tRNA with E. coli AspRS. The aspartylation of unfractionated tRNA from E. coli was done at 37°C in 100 mM Na-HEPES (pH 7.5), 10 mM MgCl 2 , 30 mM KCl, 1 mM dithiothreitol, 2 mM ATP, and 40 M of [ 14 C]aspartate (205 mCi/mmol), using 179 nM of E. coli AspRS and 70 M of unfractionated E. coli tRNA. After an incubation of 30 min, the reaction was stopped by the addition of sodium acetate (pH 5.5) to a final concentration of 0.1 M. The tRNA was then purified by phenol extraction and ethanol precipitated from the aqueous phase overnight at Ϫ20°C, and the pellet was washed twice with fresh 80% ethanol. After the second wash, the pellet was resuspended in an appropriate volume of diethyl pyrocarbonate-treated 10 mM MOPS (morpholinepropanesulfonic acid) buffer, pH 6.5.
Molecular modeling. Molecular modeling of the L30H variant of E. coli AspRS was done using the O software (17) , using the function "Mutate_replace" to change the L30 to an H.
RESULTS
Correlation between the nature of two residues of AspRS and their tRNA specificities. By examining the complete genomic sequence databases, we sorted prokaryotes into different groups, according to the presence or absence of AdT and AsnRS. We found that the ␤ and lower ␥ proteobacteria lack an identifiable gene for AsnRS but have one for AdT, thus suggesting the presence of a nondiscriminating AspRS. We also found that the upper ␥ proteobacteria always have an AsnRS and no AdT, suggesting the presence of a discriminating AspRS. Peptide sequence alignment of discriminating and nondiscriminating prokaryotic AspRS was done for several organisms for which genomic sequences were available (Fig.  1) . By sequence comparison, we found two residues, one being the last of a conserved motif ( 27 R-R-R-D-H/L) in the first conserved ␤ barrel of the enzyme and the other part of a loop (L1), whose identities correlate with the putative nondiscriminating or discriminating activities of AspRS. Figure 1 shows the peptide sequence alignment and the identities of residues 31 and 83 of each AspRS. When the genomic analysis suggests that AspRS is nondiscriminating (_ND in Fig. 1 ), a histidine is present at position 31 and a glycine is usually present at position 83; on the other hand, when the analysis suggests that it is discriminating (_D in Fig. 1 ), residue 31 is a leucine and residue 83 is any of several residues (lysine in E. coli). When both AsnRS and AdT are present, the AspRS could either be discriminating or nondiscriminating (_d or _nd in Fig. 1 ), as charging tRNA Asn with Asp would not result in toxicity for the cell.
The toxicity of P. aeruginosa AspRS for E. coli is lost for the H31L, G83K, and H31L G83K mutants. Plasmids containing wild-type P. aeruginosa AspRS and its variants were constructed and used to transform E. coli and P. aeruginosa. For the constructions with the insert in inverse orientation that contained but did not express the wild-type or the variant AspRS, transformants were found in both E. coli and P. aeruginosa. For the constructions that expressed the wild-type AspRS, surprisingly, we found transformants only in P. aeruginosa. Even in the absence of isopropyl-␤-thiogalactopyranoside (IPTG) induction, transformants with the lac promoter upstream of the aspS structural genes were not observed in E. coli. This suggests that the AspRS of P. aeruginosa is toxic for E. coli, even at low intracellular concentration. This toxicity could be due to the depletion of free tRNA Asn by mischarging with Asp and thus could be suppressed by mutating a residue responsible for the recognition of tRNA Asn or important for the activity of the enzyme. For the constructions that expressed the variant AspRS, positive colonies were found for E. coli and P. aeruginosa, suggesting that these variants are no longer toxic for E. coli. Since the H31L variant complemented the aspS thermosensitive mutant CS89 of E. coli (results not shown), its lack of toxicity is not due to an inactivation of the AspRS but to the suppression or diminution of the recognition of E. coli tRNA Asn . Specificity of wild-type P. aeruginosa AspRS and of its H31L, G83K, and H31L G83K variants for their homologous and heterologous tRNA substrates. The results obtained for the aminoacylation of unfractionated P. aeruginosa tRNA with the different AspRSs did not show significant differences between the variants and the wild-type enzyme (results not shown; see Discussion). Figure 2 shows the aminoacylation activity of the wild-type and variant AspRSs on unfractionated E. coli tRNA. This deacylated tRNA either was used without previous treatment or was previously aspartylated using E. coli AspRS. In the preaspartylated tRNA sample, only tRNA Asp was aspartylated, as E. coli AspRS is discriminating. Thus, in the nonaspartylated tRNA preparation, P. aeruginosa AspRS could aminoacylate both tRNA Asp and tRNA Asn , but in the preaspartylated preparation, only tRNA Asn could be charged by P. aeruginosa AspRS, as all tRNA Asp was aspartylated. We see in Fig. 2 that the initial rate of the aspartylation reaction is slightly slower for the three variants versus the wild-type enzyme, for the tRNA sample that was not preaspartylated. The H31L, G83K, and H31L G83K variants are, respectively, about 84%, 55%, and 92% as fast as the wild-type AspRS. Figure 2 also shows that the initial rate of the aspartylation of unfractionated tRNA preaspartylated with E. coli AspRS is significantly slower for the three variants than for the wild-type enzyme. The H31L, G83K, and H31L G83K variants are, respectively, 28%, 15%, and 56% as fast as the wild-type enzyme, thus revealing that they are less efficient in the aspartylation of tRNA Asn . Under the conditions used, where ATP concentration is saturating, aspartate concentration is at the K m value (40 M), tRNA concentration is lower than the K m (see below), and the initial rate of reaction is an indirect measure of the specificity constant k cat /K m (12); tRNA Asn concentration was 0.05 M, about 5% the K m of P. aeruginosa AspRS for pure E. coli tRNA Asn (1.1 M; results not shown). Therefore, we used the initial-velocity results presented in Fig. 2 
DISCUSSION
The first hint that the AspRS of P. aeruginosa is nondiscriminating is the apparent toxicity for E. coli cells, even without AspRS overproduction. The toxicity of a nondiscriminating AspRS could be due, in theory, to two different fates of AsptRNA Asn : the misincorporation of Asp in proteins in response to Asn codons, which would lead to inactive proteins, or the depletion of the free tRNA Asn normally aminoacylated by the AsnRS of E. coli. This first fate is unlikely to occur, since EF-Tu from chloroplasts cannot bind Glu-tRNA Gln (29) and since EF-Tu can differentiate between correctly acylated and misacylated tRNAs by a dynamic compensation mechanism (19) . The second possible fate is more plausible; since no protein in E. coli can recognize Asp-tRNA Asn , this product would remain unmodified in the cell, leading to a depletion of free tRNA Asn .
Because of their primary and quaternary structures, AspRSs are class IIb aaRSs, together with LysRS and AsnRS (9) . These three aaRSs are characterized by a C-terminal catalytic domain separated by a small "hinge" region from the N-terminal anticodon-binding domain. The N-terminal domain, where the two above-mentioned substitutions are located, should be responsible for the specificity of tRNA recognition, since it binds the tRNA anticodon. Since the H31L variant is no longer toxic for E. coli, there may be either an inactivation of the enzyme (suppression of recognition of tRNA Asp and tRNA Asn ) or the suppression of the recognition of tRNA Asn alone. The complementation of the E. coli CS89 thermosensitive aspS mutant by the H31L AspRS showed that the second possibility was valid, that is, that the replacement of histidine 31 by leucine suppressed the recognition of tRNA Asn , thus converting the nondiscriminating AspRS to an active, discriminating one. Consequently, the H31L AspRS no longer recognizes E. coli tRNA Asn but still recognizes tRNA Asp . Interestingly, the presence of an L residue at the corresponding position in E. coli wild-type discriminating AspRS (D-AspRS) does not allow it to aspartylate the suppressor tRNA Asp (CUA) efficiently enough to suppress a lacZ-amber gene, whereas its L30F variant, which has a fivefold specificity increase for this suppressor tRNA Asp , does suppress it (21). Therefore, for both P. aeruginosa ND-AspRS and E. coli D-AspRS, the presence of an L residue at this position restricts tRNA recognition.
Aminoacylation assays were done on both E. coli and P. aeruginosa total tRNA preparations to see whether there was a difference between the activities of the enzymes with the homologous and the heterologous tRNAs. With regard to the aminoacylation of the unfractionated tRNA from E. coli, we observed that the three variants are less efficient than the wild type in the aspartylation of deacylated tRNA (Fig. 2 , panels A1 to A4). However, the effects of the mutations are much larger when we compare the aspartylation of tRNA Asn by the variants to that of the wild-type enzyme (Fig. 2, panels B1 to B4) . This shows that a single amino acid change can alter the specificity of an AspRS for its tRNAs, making it more discriminating. It is thought that the ancient pathway for the synthesis of AsntRNA Asn is the transamidation pathway, involving an NDAspRS and AdT (14) . After a duplication of the gene coding for the ND-AspRS and its evolution towards an AsnRS, it is thought that the ND-AspRS became discriminating, as it was no longer needed to be nondiscriminating. Then, the genes coding for the three subunits of the AdT could simply be removed from the chromosome, if not needed, provided that the pathway of synthesis of Gln-tRNA Gln is also a direct one, involving a GlnRS. As reported before, a small decrease (11, 18) or increase (21) in the efficiency of an aaRS can lead to a detectable phenotype. In the case of H31L and G83K variants, 3.5-fold and 4.2-fold increases in the specificity of the enzyme, respectively, were enough to abolish the toxicity of the enzymes in vivo. This was also the case for the H31L G83K variant, as the specificity for tRNA Asp aspartylation was increased by 1.9-fold. However, our results suggest that there is a negative interaction between these positions, as the double mutant did not gain specificity compared to the single mutants tested. The molecular basis of this interaction is still to be determined. Our results are in accordance with those reported on the mutation of residues 28 and 77 of archaeal ND-AspRS (11) . Even though archaeal and bacterial AspRSs are evolutionarily distant (36), mutation of H28 and P77 of the archaeal AspRS of Deinococcus radiodurans (AspRS2) to a glutamine and a lysine, respectively, increased by around threefold the specificity for tRNA Asp aspartylation over that of tRNA Asn . Moreover, a similar negative interaction between the two mutated residues was observed, as the double mutant showed less specificity for tRNA
Asp than the single mutants tested (11). The exact mechanism by which histidine 31 confers a relaxed specificity upon the AspRS remains to be understood. Molecular modeling suggests that this could be the result of a more stable interaction between the enzyme and the anticodon of tRNA Asn . As Fig. 3 shows, a hydrogen bond is possible between this histidine and the central nucleoside of the anticodon of tRNA Asp . This base is a uracil, as in tRNA Asn . The anticodons of tRNA Asp and tRNA Asn are 34 Q-U-C and 34 Q-U-U, respectively. Histidine 31, by stabilizing the interaction with the central nucleoside, could permit a suboptimal interaction with other bases of the anticodon. Hence, the enzyme would accommodate a cytosine or a uracil as the third base of the anticodon. When a leucine is present at position 31, no hydrogen bond is possible and the interactions between the tRNA and the AspRS must be optimal for the aminoacylation to occur. These optimal interactions are made only with cytosine at the third position of the anticodon. Thus, only tRNA Asp would be recognized by the wild-type AspRS.
For residue G83 in P. aeruginosa AspRS, we can only speculate about its function in the recognition of tRNA Asn . This residue is part of a conserved L1 loop in all class IIb aaRSs, which is known to interact with base 36 of the anticodon (5, 10, 32) . The glycine at this position in most nondiscriminating AspRSs could enhance the mobility of this loop, permitting the recognition of a uracil or a cytosine at position 36 of the tRNA. Therefore, this mobility could improve the recognition of tRNA Asn (GUU) and thus make the AspRS nondiscriminating.
For the aminoacylation of tRNAs from P. aeruginosa, we did not observe a significant difference in the initial rates of reaction, suggesting that the mutations did not affect the recognition of tRNA Asp or tRNA Asn . The reason why the variants still recognize tRNA Asn from P. aeruginosa remains mysterious. However, it is reasonable to think that the differences in the tRNA
Asn from E. coli and P. aeruginosa shown in Fig. 4 are responsible for this behavior. There are 18 differences out of 76 bases in the two tRNAs, mainly located in the acceptor and anticodon arms. Even if those differences do not affect the identity elements of tRNA Asn (13), they could be important for optimal interactions with the enzymes of the two organisms. In particular, tRNA
Asn from both organisms coevolved by interacting with their respective aaRSs. Thus, the behavior of the H31L and G83K variants with P. aeruginosa tRNA Asn could be explained by the fact that other interactions take place between residues of the ND-AspRS and nucleotides of tRNA to a lysine could decrease the recognition of P. aeruginosa tRNA Asn , but not significantly. With E. coli tRNA Asn , this change would be more dramatic, since the latter did not coevolve with an ND-AspRS.
This work presents evidence that discriminating and nondiscriminating bacterial AspRSs are closely related. It shows that only one or two amino acid changes in a bacterial ND-AspRS could have been responsible for the appearance of a discriminating character during evolution. Structural studies of these three variants, especially H31L, are needed to confirm our model.
